Abstract In this study, ZSM-5 zeolite was successfully synthesized hydrothermally from cheap and easily accessible natural mineral diatomite in the presence of tetrapropyl ammonium bromide. The pore structure, acidic sites and surface features of as-synthesized ZSM-5 zeolite were well characterized by X-ray diffraction, scanning electron microscopy, pyridine-adsorbed Fourier transform infrared spectroscopy, and N 2 adsorption. The analysis results revealed that the as-synthesized ZSM-5 zeolite exhibited excellent hydrothermal stability, high specific surface area (223 m 2 g -1 ) and more acidic cites than diatomite. After mixing ZSM-5 zeolite with a FCC base catalyst, the catalytic performance was evaluated in a micro-fixed bed reactor using vacuum gas oil (VGO) as feedstock. The high surface area and more acidic sites of as-synthesized ZSM-5 zeolite played an important role in the production of light olefins (propylene and butylene) during catalytic cracking of VGO.
Introduction
Zeolites have received much attention for chemical industry and academia owing to their high thermal stability, shape selectivity and high catalytic activity. ZSM-5, a member of the zeolite family with high-silica content has been widely employed in petrochemical catalytic processes, oil refining and environmental protection fields, such as cracking, isomerization, aromatization and alkylation processes [1] [2] [3] [4] [5] [6] . Propylene is currently producing from the steam cracking (SC) of light naphtha. However, this process is inefficient to meet the requirements of propylene in the market. Among various alternative sources for propylene production, FCC units are considered as the most promising and largest one [7] . More than 30 % of the worldwide propylene production is from FCC units and this figure will continue to increase [8] . To enhance the propylene yield of FCC units, ZSM-5 zeolite has been used as an additive in industrial practice since its first commercial use in 1983 [9] [10] [11] [12] [13] [14] [15] . Because of its unique pore structure, ZSM-5 zeolite can crack selectively gasolinerange linear or mono-branched hydrocarbons to C3-C4 olefins. And its moderate acidity can largely suppress hydrogen-transfer reactions [10] .
Generally, zeolites are synthesized from sodium aluminosilicate gel containing various commercial silica and alumina reagents [16] [17] [18] [19] [20] . However, due to the rapid increase in consumption of zeolites, the commercial silica and alumina have limitations in terms of product cost, which is undesirable to industries. Thus, cheaper raw materials are necessary to minimize the cost of producing zeolites. Fortunately, natural aluminosilicate minerals constitute as one of such materials. Many attempts have been made to the synthesis of ZSM-5 zeolite from kaolin [21] , rectorite [22] , palygorskite [23] and attapulgite [24] . However, most aluminosilicate minerals in their natural state are inactive and the intrinsic SiO 2 /Al 2 O 3 molar ratio is too low to match the silica-alumina ratio of ZSM-5 zeolite. Hence, the activation of aluminosilicate mineral and addition of highly reactive silicon-and aluminumcontaining chemicals are necessary to solve these problems. It is worth noting that diatomite is an outstanding aluminosilicate material not only because of its low cost but also due to the highly reactive amorphous state of its silica skeletons than other materials, which makes it unnecessary to carry out thermal activation to convert an unreactive state into a reactive one [25, 26] . In addition, the SiO 2 content in diatomite usually in the range of 80-90 %, which is beneficial to synthesize high-silica zeolites such as ZSM-5 zeolite. Such attempts are the zeolitization of diatomite, which provide silica-and/or alumina-sources for synthesizing zeolite A [25] , mordenite [27] , ZSM-5 [28] , Y [29] and P [30, 31] , etc. Currently, the preparation methods of ZSM-5 zeolite using diatomite as raw material can be classified into two types: in situ and non-in situ methods. In in situ method, one portion of the porous diatomite is used as a raw material, while other one as a matrix to obtain hierarchical porous zeolites. For non-in situ strategy, whole of the diatomite is used as raw material to improve the utilization rate of raw materials and obtain high crystallinity ZSM-5 zeolite. Zhang et al. [32] and Shan et al. [33] successfully synthesized hierarchical porous ZSM-5 zeolite from diatomite by in situ method. However, the relative crystallinity of products and the utilization rate of diatomite were too low. On the other hand, Wang et al. [34] synthesized ZSM-5 zeolite from diatomite by non-in situ method. But, the synthetic process by vapor-phase transformation method consumed more time and increased the difficulties of industrialization.
Herein, to overcome the disadvantages of in situ method such as low degree of relative crystallinity of products and utilization rate of diatomite, we employed non-in situ method to synthesize ZSM-5 zeolite using diatomite as a sole silica source without any other additional chemical silica regent. What's more, due to hydrothermal method being beneficial to accelerate mass transfer rate and heat transfer rate, we synthesized ZSM-5 by hydrothermal method instead of vapor-phase transformation method. In the meantime, the fluid catalytic cracking performance of as-synthesized ZSM-5 zeolite was also investigated.
Experimental section Materials
Diatomite (containing 91.4 wt% SiO 2 , 3.5 wt% Al 2 O 3 and 2.2 wt% Fe 2 O 3 ) was obtained from Qingdao Chuanyi Diatomite Co., Ltd, China. Tetrapropyl ammonium bromide (containing 98 wt% TPABr) was provided by Shanghai Cainorise Chemicals Co., Ltd, China. Sodium aluminate, sulfuric acid and sodium hydroxide were purchased from local market.
Synthesis of ZSM-5 zeolite
First of all, diatomite dried and calcined at 500°C for 2 h was leached with 2 mol L -1 H 2 SO 4 solution at 100°C for 4 h with stirring to get rid of Fe 2 O 3 and organic matter. Then, the slurry was filtered, washed with deionized water and dried at 100°C. Finally, the purified diatomite was obtained.
ZSM-5 zeolite was synthesized by hydrothermal pathways. In a typical synthesis, 4.46 g purified diatomite, 0.18 g sodium aluminate, 3.21 g TPABr and 85 g deionized water were mixed. The final pH of the mixture was adjusted to 13 using sodium hydroxide under vigorous stirring. After stirred for 1 h at room temperature, the resulting mixture was transferred into stainless steel autoclave with Teflon-lined for hydrothermal synthesis at 170°C for 48 h. The precipitated material was recovered by filtration, washed with deionized water and dried at 100°C overnight. After calcination at 550°C for 6 h, the as-synthesized sample decomposed organic template was obtained.
HZSM-5 zeolite was prepared by three times ion exchanging with aqueous ammonium chloride at 80°C followed by filtration, drying and calcination at 550°C for 4 h. Then, the additive containing HZSM-5 zeolite and kaolin was treated in 100 % water vapor at 800°C for 4 h. Finally, the composite catalyst was prepared by mechanical mixing HZSM-5 zeolite with ZC7300 catalyst (ZC7300 catalyst is a commercial base FCC catalyst that does not contain any additive [35] .
Catalytic performance
The catalytic performance was carried out in a micro-fixedbed reactor using Shenghua vacuum gas oil (VGO) as feedstock. The catalytic reactions occurred at 500°C for 75 s with 0.8 g of VGO feedstock in a tubular stainless steel reactor with an inner diameter of 13 mm and length of 180 mm. The catalyst-to-oil (CTO) ratio in the experiments was 6. The properties of Shenghua VGO feedstock are listed in Table 1 .
The catalytic cracking evaluation was conducted according to the literature [36] . The compositions of gaseous products were characterized by Varian 3800 gas chromatograph. The compositions of liquid products were characterized by simulated distillations gas chromatogram as described by the ASTM D2887 standard to identify the mass contents of gasoline, diesel oil and heavy oil. Coke deposited on the catalysts was combusted after the cracking and the CO 2 released was measured using the gas chromatograph.
Characterization XRD patterns of samples were collected using PANalytical X' Pert PRO MPD X-ray Diffractometer (XRD) with CuKa radiation (40 kV, 40 mA). The morphologies and element compositions of the samples were measured by scanning electron microscope (SEM-EDS) (S4800, Japan). Nitrogen adsorption-desorption isotherms were obtained on Micromeritics ASAP 2020 (USA) at -196°C. The pore size distributions were calculated using DFT method. The micropore volume and micropore surface area were calculated using t-plot methods. The FT-IR spectra of the samples were recorded on Perkin Elmer FT-IR spectrometer (USA) in the range of 4000-400 cm -1 using dried KBr disk technique. The acidity was measured by pyridine-FTIR technique on Nicolet Nexus spectrometer (Termo Nicolet).
Results and discussion

XRD characterization
To study the phase structure of the samples, the XRD patterns of diatomite and as-synthesized ZSM-5 are shown in Fig. 1 . As seen from Fig. 1 , the XRD pattern of diatomite has a diffraction peak at 2h of 26.7°corresponding to amorphous silica with small amount of quartz. Compared with diatomite, the as-synthesized ZSM-5 sample has distinct peaks at 2h of 7.9°, 8.8°, 23.0°, 23.9°, 24.4°a scribing to MFI topological structure. This confirms that ZSM-5 zeolite was synthesized from diatomite by hydrothermal crystallization method.
SEM and EDS characterization
To investigate the morphologies of the samples, SEM images of different magnifications of diatomite and assynthesized ZSM-5 zeolite are presented in Fig. 2 . The corresponding elementary compositions of samples are listed in Table 2 . The raw material of diatomite shows a disc-like appearance with diameter of 20-50 lm (Fig. 2a) . A number of submicron pores in a diameter range of 300-500 nm are regularly arranged on the disc-like diatomite (Fig. 2b) . Compared with the initial diatomite after the zeolitization process, diatomite disc disappeared and a large amount of ZSM-5 zeolite was formed (Fig. 2c ). This is a proof of high utilization rate of diatomite for the synthesis of ZSM-5 zeolite. Furthermore, at higher magnification (Fig. 2d) , we can observe that most of the crystals are in the form of six prism shape glomerocryst with a particle size range of 2-4 lm. These phenomena clearly indicate that the large crystals are grown through consuming the diatomaceous silica source. As can be seen from Figure 3 depicts the N 2 adsorption-desorption isotherms, and pore size distribution of diatomite and as-synthesized ZSM-5 zeolite. The corresponding textural properties are listed in Table 3 . The N 2 adsorption-desorption isotherm of as-synthesized ZSM-5 zeolite is the combination of type I and type IV with a H4-type hysteresis loop at a relative pressure (p/ p o ) of 0.45-0.9. The sharp increase in the adsorption isotherm at p/p o \ 0.1 corresponds to the N 2 filling in the micropores and the hysteresis loop suggests the presence of mesopores, which can be attributed to the intercrystalline pores between crystallites (Fig. 2d) . The N 2 adsorptiondesorption isotherm of diatomite is of type IV with a steep uptake at p/p o of above 0.9 which can be assigned to the existence of macropores in raw material (Fig. 2a) . The pore size distribution of as-synthesized ZSM-5 zeolite (Fig. 3b) illustrates the existence of a pore structure with a mesopore size of 2.5-4 nm. Most importantly, the micropore size distribution of the sample is centralized at about 0.54 nm, which coincides with the typical micropore pore size of ZSM-5 zeolite. By comparing the samples of diatomite and as-synthesized ZSM-5 zeolite, it is obvious that the as-synthesized ZSM-5 zeolite has a larger BET surface area (223 m 2 g -1 ) and micropores pore volume (0.062 cm 3 g -1 ) than the diatomite. This difference clearly indicates the formation of ZSM-5 crystals from diatomite.
FT-IR characterization
The FT-IR spectra of diatomite and as-synthesized ZSM-5 zeolite are shown in Fig. 4 . As can be seen from Fig. 4 , the presence of the ZSM-5 zeolite is identified by the infrared band at 547 cm -1 which is assigned to the five-membered ring of the pentasil zeolite structure. Additional evidence for ZSM-5 is the asymmetric stretching vibration of T-O bond at 1224 cm -1 where T is Si or Al, which is attributed to the external linkages (between TO 4 tetrahedral groups) and is a structure-sensitive IR band of the ZSM-5 zeolite [36] .
Acidity properties and hydrothermal stability of HZSM-5
The acidity of HZSM-5 zeolite was determined by py-FT-IR technique. As shown in Fig. 5 , the band at 1548 and 1443 cm -1 are related to the adsorption of the pyridine molecules on the Brønsted acid sites and the Lewis acid sites. However, the intensity of peak corresponds to Lewis acid sites is higher than Brønsted acid sites in HZSM-5 zeolite. This is due to the presence of non-framework alumina in ZSM-5 zeolite.
Hydrothermal treatment was conducted to investigate the hydrothermal stability of HZSM-5 zeolite. From Fig. 6 , it can be seen that the characteristic peaks of MFI- Pore volume (cm 3 g structured zeolite are still well preserved in the XRD pattern, indicating that the ZSM-5 zeolite crystals structure are stable up to at 800°C.
Catalytic evaluation
As illustrated in Table 4 , the effect of as-synthesized ZSM-5 on the cracking performance of commercial FCC ZC7300 catalyst was investigated using Shenghua VGO as the feedstock. From Table 4 , it can be seen that the addition of as-synthesized ZSM-5 as the additive to the base FCC catalyst increases the yield of light olefins such as propylene and butylene in the FCC process. Compared with ZC7300 catalyst, the composite catalyst containing additional 10 wt% as-synthesized ZSM-5 zeolite increases the yield of propylene and liquid petroleum gas (LPG) by 1.66 and 5.71 %, respectively. Correspondingly, the gasoline yields decreases by 4.56 % and the ratio of D/G rise from 0.77 to 0.98. Furthermore, the yields of the thermal cracking products such as coke decreases by 1.54 %. This phenomenon can be explained from the above characterization results. The HZSM-5 zeolite contains Brønsted acid sites which can supply protons for the FCC reaction. The shifting of proton results in the formation of carbonium ions which favors the FCC reaction towards the formation of light olefins such as propylene and butylene [37, 38] . It is well know that the FCC reaction is a parallel sequential mechanism. The cracking of the crude oil primarily produce gasoline and diesel oil. However, in the secondary stage, it produces light olefins such as propylene and butylene. As listed in Table 4 , the ZC7300 catalyst with HZSM-5 improves the selectivity of the reaction to form secondary cracking products, which results in the increase in the yield of light olefin and decrease in the yield of the primary cracking products gasoline. The decrease of the yields of coke may be attributed to the mesopore structure derived from the interspaces of ZSM-5 crystals that endow the corresponding catalyst with improved accessibility to hydrocarbon molecules and thereafter, lower down the coke selectivity.
Conclusion
In the present study, ZSM-5 zeolite can be successfully synthesized from diatomite by hydrothermal crystallization method. In comparison with diatomite, the synthesized ZSM-5 zeolite has larger specific surface area and micropore volume. Moreover, ZSM-5 zeolite exhibits excellent hydrothermal stability and appropriate acidity. Compared with the base FCC catalyst, the composite catalyst (containing additional 10 wt% of as-synthesized ZSM-5 zeolite) exhibits high catalytic activity, superior propylene selectivity, and lower coke selectivity. The yield of light olefin increases by 2.63 wt%. Simultaneously, the yield of gasoline and coke decrease by 4.56 and 1.54 wt%, respectively. 
